Local cerebral blood flow (LCBF) was eval uated with the [14C]iodoantipyrine quantitative autoradio graphic technique in 29 brain structures in conscious con trol rats and during fentanyl-induced electroencephalo graphic (EEG) spike and/or seizure activity and in the postseizure EEG suppression phase. During spike ac tivity, LCBF increased in all structures; the increase reached statistical significance (p < 0.05) in the superior colliculus, sensorimotor cortex, and pineal body (+ 130%, + 187%, and + 185% from control, respec tively). With progressive development of seizure activity, LCBF significantly increased in 24 brain structures (range, +58% to +231% from control). During the post seizure EEG suppression phase, LCBF remained ele vated in all structures (+ 80% to + 390% from control).
The local cerebrovascular resistance (LCYR) signifi cantly decreased in 10 of 29 structures with the onset of spike activity (range, -24% to -64%), and remained decreased in all brain structures during seizure activity (range, -34% to -67%) and during the EEG suppression phase (range, -24% to -74%). This reduction of LCVR represents a near maximal state of cerebrovasodilation during fentanyl-induced EEG seizure or postseizure suppression activity. The global nature of the LCBF ele vation indicates that factors other than local metabolic control are responsible for CBF regulation during local seizure activity. Key Words: Autoradiography-Cere brovascular resistance-Fentanyl-Local cerebral blood flow-Seizures.
uncoupling of the normal relationship of CBF to cerebral metabolic rate (CMR). Quantitative auto radiographic studies of local cerebral metabolic rate for glucose (LCMR g 1u) during fentanyl-induced sei zures indicate that a localized and heterogeneous response occurs (Tommasino et aI., 1984) , In this light, further understanding of the CBF response to narcotic-induced seizures requires study of the lo calized flow response in various structures and re gions of the brain.
METHODS

Local cerebral blood flow (LCBF) was measured in 23
Sprague-Dawley rats with the [14C]iodoantipyrine quan titative autoradiographic technique (Reivich et aI., 1969; Sakurada et a1., 1978) . The rats weighed 289 ± 20 g (mean ± SD) and were studied while conscious and during fen tanyl administration, resulting in electroencephalographic (EEG) patterns consisting of spike, seizure, and postsei zure suppression activity.
Fentanyl-treated animals
The rats were briefly anesthetized with 1.5% halothane and 70% nitrous oxide in oxygen to permit tracheostomy and femoral vessel cannulation of both arteries and veins with PE-50 polyethylene catheters. This vascular access was used for arterial blood pressure monitoring, venous administration of drugs, infusion of [14CJiodoantipyrine, and rapid intermittent sampling of arterial blood for iso tope counting. All incision sites were infiltrated with bu pivacaine (0.3 ml of 0.25% solution), and the halothane was discontinued for at least 1 h prior to fentanyl infusion.
Mechanical ventilation was accomplished with a rodent ventilator (Harvard) and facilitated by muscle relaxation obtained with pancuronium bromide (0.2 mg i.v. every 20 min). Heparin (200 IV) was administered to prevent cath eter clotting, and rectal temperature was servo-controlled to 37"C with a heating lamp. The electrocardiogram (EKG) and EEG (biparietal needle electrode leads with a gain of 50 IL V /cm) were recorded with a Beckman Ac cutrace® polygraph.
During the stabilization period the ventilator was ad justed to obtain the desired arterial blood gas composi tion; this was verified by a blood gas determination (Ra diometer BMS3-MK2, using 100-1L1 capillary samples) just prior to fentanyl administration. Nitrous oxide was replaced by 70% nitrogen, and fentanyl was infused at a rate of 10 ILg/kg/min to obtain the EEG pattern during which LCBF was measured. Ta ble 1 indicates the fen tanyl doses and elapsed infusion times required to obtain the desired EEG configuration. Figure 1 shows the typ ical EEG patterns that were studied. The following defi nitions of EEG activity were used: (1) spike, three to five isolated high-voltage discharges per minute superimposed over a lowered frequency; (2) seizure, continuous high voltage bursts of spike-like discharges (average burst du ration, 15 ± 6 s; mean ± SD; (3) suppression, very low voltage frequency activity with not more than one spike per second occurring after seizure activity. The EEG was continuously monitored during fentanyl infusion, and LCBF was measured as soon as possible after the desired pattern was established. Over the 30-s period of LCBF measurement, animals developing EEG patterns not con sistent with our definitions were discarded from further study. Prevailing physiologic conditions were the same for all groups during the LCBF measurement, as indi cated in Table 2 .
Control group
The conscious group was acclimatized to a Plexiglas restraining cage for at least 4 h/day over a 7-day period, and the same restraining protocol was maintained during LCBF determination. Anesthesia and surgical prepara tion were the same as for the fentanyl groups, except that tracheostomy was omitted. The EKG and EEG were not recorded, and the animals recovered from anesthesia in the cage for at least 2 h prior to LCBF measurement. During this stabilization period they had free access to food and water. 
LCBF quantitative autoradiography
Vpon establishment of a characteristic EEG pattern, 75 ILCi/kg of [14CJiodoantipyrine (40-60 mCi/mmol in ethanol; New England Nuclear, NEC-712) dispensed in l.0 ml of normal saline solution (0.9%) was infused at a constant rate for 30 s. During the infusion period, 16-18 arterial blood samples (20 ILl) were discontinuously col lected from a low, dead-space arteriovenous shunt cath eter for determination of arterial isotope activity by liquid scintillation counting (Nuclear-Chicago, ISOCAP 300). The rat was decapitated at the end of the isotope infusion period, and the brain was rapidly removed and frozen in 2-methyl-butane cooled to -41°C with Freon 22.
The brain was sectioned in a cryostat ( -20°C) , and the 20-lLm sections were rapidly dried on a hot plate (60°C) and subsequently exposed, along with six [I4CJmethyi methacrylate calibrated standards, to a single-emulsion X-ray film (Kodak SB-5) for 11 days. Following film de velopment, optical densities were determined with an auto-scanning densitometer (Optronics, P-lOOO, Interna tional, Inc.) with an aperture of 200 ILm, and all data were collected on-line with a Prime computer for calcu lation of LCBF according to the equation of Reivich et al. (1969) , as modified by Sakurada et al. (1978) . Differences between groups, with respect to physio logic parameters, were evaluated by one-way analysis of variance (ANOVA, F ratio), followed by the Newman Keuls test where appropriate (Zar, 1974) . Since the LCBF could not be assumed to be normally distributed, differ ences between groups were tested for by the Kruskal Wallis analysis of variance, and pairwise comparisons be tween groups were assessed by the Nemenyi test (un equal sample size) (Miller, 1966) . A p value less than 0.05 was considered significant.
RESULTS
Typical autoradiograms obtained during the dif ferent EEG stages evoked by fentanyl administra tion are shown in Fig. 2 . LCBF was measured in 29 brain structures and areas; these results are tab ulated in Table 3 , which is arranged according to brain functional systems. For illustrative purposes, Values are means ± SD. Kruskal-Wallis analysis of variance and Nemenyi test where appropriate: "significantly different from control at p < 0.05; bspike group is significantly different from seizure and suppression groups at p < 0.05. ictal suppression, the LCVR decrease remained sig nificant in the majority of the brain structures (16 of 29 structures). There were no differences in the LCVR changes between the spike, seizure, and suppression states (Table 4 ). Thus, in the great ma jority of surveyed structures, localized subcortical spiking activity was sufficient to elicit a major and generalized reduction in LCVR, which did not fur ther change during subcortical seizures or EEG suppression.
DISCUSSION
The present study reveals that subcortical neu rophysiological excitation due to high doses of fen tanyl is accompanied by a one-to over threefold increase in LCBF. These results are in agreement with numerous other studies of the overall CBF re sponse to seizures elicited by a variety of stimuli J Cereb Blood Flow Metabol, Vol. 4, No. 1, 1984 (Plum et aI., 1968; Plum and Duffy, 1975; Meldrum and Nilsson, 1976) . However, they expand our un derstanding of CBF control during seizures in sev eral ways, While narcotic-induced seizures are gen erated subcorticall y (Tommasino et aI., 1984) , the LCBF response is much more widespread and in cludes structures throughout the brain. Also, this generalized LCBF response occurs very quickly, i.e., within the first few spikes elicited by fentanyl.
However, our findings are in apparent conflict with those of Carlsson et al. (1982) , who found about a 40% decrease in total CBF in rats during seizures caused by high doses of fentanyl. While many explanations could be posed to interpret the different results obtained in Carlsson's laboratory and ours, we feel that the two groups performed similar experiments, and that differences in the CBF measurement method and fentanyl dose and administration rates may be responsible for the di-vergent results. Despite utilization of different CBF measurement techniques, Carlsson's control CBF levels (reflecting mainly cortical blood flow) were the same as our unweighted average for all cortical LCBF values under the same anesthetic conditions (unpublished observations). However, as our LCBF measurements require only 30 s to perform, we were able to concentrate our studies during EEG activity, which consisted mainly of burst activity during the seizure state. The duration of the burst activity averaged 50-70% of the flow determination period in our study. In Carlsson's experiments the CBF measurements required at least 15 min, and therefore reflected an average of burst-suppression activity, which is weighted substantially more to ward suppression, since this type of activity pre dominates when very high doses of fentanyl are ad ministered. Against this explanation of the differ ences between these experiments is the fact that we established that the immediate postictal suppres sion period is characterized by maintenance of ex tremely high LCBF values. However, when sei zures are prolonged over 2 h, there is evidence that a state of hypoperfusion can develop (Ingvar and Siesj6, 1982) . In this light, our studies, performed at the onset of seizure activity demonstrating early high flows, may not be inconsistent with Carlsson's report of low flows following a longer period of sei zure activity.
Another factor requires consideration in ex plaining the differences between these two studies.
Our protocol was empirically designed to maximize seizure incidence at the lowest possible fentanyl dose. In Carlsson's study, seizures occurred as an incidental finding after a period of fentanyl loading followed by a maintenance infusion (Carlsson et al., 1982) . While Carlsson's total fentanyl dose was two to three times greater than that employed in our experiments, we postulate that the seizures oc curred as blood levels of fentanyl were declining in his rats. Unfortunately, fentanyl blood levels were not measured in either study.
The findings of both studies may be unified by a discussion of the factors responsible for the genesis of seizures by narcotics. Currently these seizures are thought to occur when an imbalance between inhibitory and facilitatory influences on the hippo campal area of the limbic system develops (Schwartzkroin and Wyler, 1981; Siesj6, 1981) .
Narcotic-induced seizures emerge as these agents initially depress inhibitory circuits that normally act to check the tendency of the hippocampus to spon taneously discharge (Linseman and Corrigall, 1982) . In this situation, as the blood level of a nar cotic increases, its depressant action on the brain becomes more manifest and convulsions cease. Our rats had seizures during fentanyl induction, whereas Carlsson's rats had seizures during emer gence from deep fentanyl anesthesia. Other exam ples of anesthetics with dose-dependent bimodal neuroexcitatory and depressant actions include en flurane and lidocaine (Winters et aI., 1972; de J ong, 1977; Myers and Shapiro, 1979; Ingvar and Shapiro, 1981) .
During fentanyl-induced spike and seizure ac tivity, LCVR was significantly decreased in a ma jority of brain structures. In accord with the find ings of many laboratories, this resistance reduction presumably represents compensation for elevated metabolism (Plum et aI., 1968; Howse et aI., 1974; Plum and Duffy, 1975) . In our studies, the LCVR reduction was maintained during the postseizure EEG suppression phase, indicating that the usually coupled relationship among brain function, EEG ac tivity, cerebral metabolism, and brain blood flow is LCBF continued to increase in many brain areas.
Such an increase in CBF is passive (no intrinsic active vasodilation) and follows elevation of arterial blood pressure, i.e., CBF autoregulation is altered.
In fact, the reduction of LCVR observed in our ex periments may represent a near maximal state of cerebral vasodilation. In rats studied under similar conditions, inhalation of carbon dioxide sufficient to produce a PaC0 2 of �80 mm Hg reduced total CVR from a control value of 1.27 to 0.31 mm Hg/ ml 100 g -1 min -1 (Dahlgren et aI., 1981) . This de gree of hypercapnia is known to elicit near maximal cerebrovasodilation, and the LCVR values ob tained in our experiments during fentanyl neuroex citation-suppression are within the same range as those in the hypercapnic rats (Dahlgren et aI., 1981) . When LCVR is maximally reduced, auto regulation is absent.
The high degree of spatial and temporal resolu- (Howse et aI., 1974; Astrup et aI., 1976; Chapman et aI., 1977; Siesj6, 1978) . 1978) has suggested that such a flow response may be part of a generalized autonomic nervous system response to seizures.
Our study and those performed by others indicate that the magnitude of the metabolic and CBF re sponse to seizures may not be the same for all con vulsants (Siesj6, 1978; Blennow et aI., 1979) . A way of simultaneously examining these flow-metabo lism relationships is to calculate the LCBF! LCMR g l u ratio. During bicuculline seizures, this ratio increased by 11 % in frontal cortex and de creased by 7% in the auditory cortex within 20 min of seizure onset (lngvar and Siesj6, 1982) . Under similar conditions, during the onset of fentanyl sei zures, the frontal cortex ratio increased by 772%, while the auditory cortex increased by 272% (com bining data from the present experiment and that of To mmasino et a!., 1984). In Carlsson's rats, more prolonged seizures induced by fentanyl caused a 64% decrease in the CBF/CMR ratio for oxygen (Carlsson et aI., 1982) . The foregoing ratios were selected to permit comparison of similar areas of cerebral cortex among the three laboratories. In the J Cereh Blood Flow Metahol, Vol. 4, No. I, 1984 cortex our high ratios are a reflection of reduced metabolism and relatively extreme hyperemia. The ratios are lower or decreased with bicuculline sei zures because cortical metabolism as well as blood flow increases (lngvar and Siesj6, 1982) . We can suggest no further explanation for the reduction in Carlsson's ratio, other than as discussed above.
Taken alone, Carlsson's ratio can be interpreted to indicate a relative insufficiency of flow compen sation for the metabolic demands of fentanyl sei zures. The ratio information from the present study indicates hyperperfusion, and extends to all those structures we evaluated. Thus, our LCBF/LCMR g l u ratios for fentanyl predict that ischemia should not occur during the onset phase of fentanyl-induced seizures. If Carlsson's findings are substantiated by other studies, then prolonged seizures due to ex tremely high doses of fentanyl and/or other nar cotics should be avoided. In the interim, we suggest that EEG monitoring during high-dose fentanyl an esthesia may be prudent, as the brain areas acti vated by narcotic seizures are known to be selec tively vulnerable to prolonged seizures and hy poxic-ischemic insults (Blennow et aI., 1978; Dam, 1982; Atillo et aI., 1983) . Until the scope and/or clinical significance of this potential problem is better understood, EEG monitoring may help to de fine the problem as well as guide anticonvulsant therapy.
